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Abstract
We calculate the yield and elliptic flow of mid-rapidity dileptons emitted from the quark-gluon
plasma generated in Pb-Pb collisions at LHC. We use relativistic anisotropic hydrodynamics for
the 3+1 dimensional evolution of the quark-gluon plasma and convolve this with the momentum-
anisotropic local rest frame production rate for dileptons. The effects of momentum anisotropy of
the quark distribution functions, viscosity to entropy density ratio, centrality of the collisions, and
initial momentum anisotropy on the results are investigated and discussed.
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I. INTRODUCTION
Extensive phenomenological investigations of the results emerging from high energy
heavy-ion collision experiments at RHIC and LHC have provided a broad but still incom-
plete picture of the physics of hot and dense strongly interacting matter [1–4]. In particular,
the success of relativistic hydrodynamical models in describing the production and az-
imuthal asymmetries of the produced hadrons has led to insights about the collective flow,
thermodynamics, and transport properties of the expanding quark-gluon plasma (QGP)
[5–8].
The current standard approach to describe the evolution of the strongly interacting sys-
tem is to consider several stages. During the initial stage (τ <∼ 1 fm/c), the QGP possesses
a high energy density but is driven out of equilibrium by rapid longitudinal expansion. The
resulting pseudothermalized state can be used as an initial condition for the subsequent
dissipative hydrodynamic evolution (1 fm/c <∼ τ <∼ 10 fm/c) which dilutes and cools down
the system until the final stages of hadronization, decoupling, and decay of the outcoming
particles [9]. In order to obtain information about the properties of the medium and its
evolution dynamics, various observables for the nuclear collision experiments have been sug-
gested and are used to improve both the qualitative and quantitative aspects of the models
[1, 10, 11].
Electromagnetic probes have been considered as the best observables for learning infor-
mation about the initial stages of the evolution of the quark matter produced in heavy-ion
collision experiments, since they are not directly affected by strong interactions. In contrast
to hadrons, electromagnetic probes such as real photons, leptons, and dileptons (virtual
photons) can be generated during all stages of the evolution of the strongly interacting mat-
ter and, when produced, they can escape with much larger mean free paths than hadrons.
Therefore, they may provide information about the effective temperature and momentum
distribution of each stage. In particular, since the hadronic observables are mainly pro-
duced at later and colder stages, the electromagnetic probes can be considered to have the
unique role of being the messengers of the initial stages of the system. However, extract-
ing clean experimental data, constructing accurate quantitative models, and providing clear
interpretation of electromagnetic probes are, in general, not straightforward tasks [12–23].
Dileptons, in contrast to real photons, have both the invariant mass and transverse mo-
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mentum as independent variables which is beneficial for comparison of theoretical models
with experimental data. Dileptons also play an important role in the study of in-medium
modification of the spectral function of ρ meson and its relation to the chiral symmetry
restoration [24–28]. Also, various other higher-order effects such as quantum corrections or
magnetic modifications have been suggested to affect the production rate of the dileptons
[29–36].
Dileptons can be produced during every stage of the evolution of the system. How-
ever, by looking at different mass or transverse momentum windows, information about
different stages of the system can be separated to some extent. Lower mass dileptons
(M <∼ 1 GeV) are believed to be mainly produced from the hadronic matter generated
below the critical temperature ∼ 155 MeV. Production of intermediate mass in-medium
dileptons (1 GeV <∼ M <∼ 3 GeV) is mostly affected by the partonic QGP phase before the
transition to the hadronic phase.1 Therefore, the low mass window may provide informa-
tion on the spectral functions of vector mesons, while intermediate mass dileptons can give
insights into properties of the earlier high temperature stage.
Most of the theoretical models of dilepton emission have provided predictions for the
dilepton yield as a function of M and pT . In recent years, the azimuthal flow observables,
e.g. elliptic flow, have provided additional information about the dilepton emission [41–43].
In particular, one can hope that, by tuning the models to both the differential yield and
flow data, information about both the effective temperature and momentum anisotropy of
the early stages of the QGP can be extracted [44].
The current standard picture of collective dynamics in heavy-ion collisions suggests that
the spatial asymmetry of the collisions and fluctuations in the initial shape of the system
generated in heavy-ion collisions is the primary source of anisotropic collective flow observed
at later stages [45]. In addition to the spatial anisotropy, the rapid longitudinal expansion
of the system generated in ultrarelativistic heavy-ion collisions cause the local rest frame
(LRF) parton-level momentum distribution functions to become anisotropic [46, 47]. If the
deviations from LRF isotropy of the parton momentum distributions are so large that they
cannot be considered as linear perturbations of isotropic distributions, one can expect to
observe their effect in the emission of intermediate mass/momentum electromagnetic probes
1In the intermediate mass region, besides the in-medium QGP dileptons, there are also important contribu-
tions from open heavy flavor decays. There are also contributions to hard dileptons from passage of jets
[37–40].
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[44, 48–51]. In order to check this, it is essential to have phenomenological models of elec-
tromagnetic emission from the QGP that incorporate momentum-anisotropic distributions
both in the calculation of the LRF emission rates and in the space-time evolution of the
fireball.
Hydrodynamical models have been shown to be able to reproduce experimental data for
the collective flow of the hadrons formed in the central rapidity region [52–55]. They have
also been used to integrate over the space-time of the electromagnetic emission from the
strongly interacting medium [22]. In order to include non-ideal and non-equilibrium aspects
of the QGP evolution, various generalizations of the conventional ideal hydrodynamics have
been developed in recent years. Finite but small viscosity of the QGP has been incorporated
in viscous hydrodynamics (vHydro) [42, 53, 56–60]. Anisotropic hydrodynamics (aHydro)
has been developed in order to generalize to momentum-anisotropic distributions of the QGP
in local rest frame in a way that positivity of the parton distribution functions is guaranteed
[61]. Anisotropic dissipative hydrodynamics combines both viscous effects and momentum
anisotropy [62–66]. Previously, anisotropic hydrodynamics has been used to calculate the
space-time integrated yields of QGP dileptons [48–51]. In previous studies along this line,
the thermal dilepton yield has been calculated within the 1+1d models [48–50], and within
3+1d dissipative aHydro considering spheroidal momentum-anisotropic distributions in local
rest frame [51]. The elliptic flow of thermal dileptons has also been studied previously using
ideal [41, 67] and viscous hydrodynamics [42, 43] for the space-time evolution of the fireball.
In this paper, we study the yield and elliptic flow of in-medium dileptons emitted from
a QGP with ellipsoidally anisotropic momentum distributions. We utilize 3+1d aHydro
with a realistic equation of state [8] to describe the evolution of the expanding QGP and
convolve the space-time evolution with the anisotropic dilepton rates from the local rest
frame of the fluid elements. The parameters for the background hydrodynamic evolution
are tuned to reproduce soft hadron observables [8, 55]. We calculate the yield and elliptic
flow only for dileptons produced in the QGP phase above the critical effective temperature.
Dileptons from hadronic sources are not included in this study. Therefore, we focus mainly
on intermediate dileptons with mass and transverse momentum above 1 GeV.
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A. Dilepton production rate in local rest frame
From kinetic theory, the differential production rate of thermal dileptons from the QGP
is given by
dN
d4xd4P
=
∫
d3k1
(2pi)3
d3k2
(2pi)3
fq(k1)fq¯(k2)vqq¯σ
l−l+
qq¯ δ
4(k1 + k2 − P ), (1)
where P = (E,p), k1 = (E1,k1), and k2 = (E2,k2) are the four-momenta of the lepton pair,
quarks, and anti-quarks respectively, vqq¯ =
√
(k1.k2)2 −m4q
/
(E1E2) is the relative velocity
of the incoming qq¯ pair, and σl
−l+
qq¯ is the cross section for the production of the dilepton from
a quark-antiquark pair [68, 69]. We neglect the rest masses of both quarks and leptons, and
as a result the leading order cross section for producing a dilepton of mass M is
σl
−l+
qq¯ =
4pi
3
Nc(2s+ 1)
2 α
2
M2
Nf∑
i=1
e2i , (2)
which becomes σ = 80piα2
/
9M2 when considering only the u and d flavors. Also, one has
vqq¯ =
M2
E1E2
=
M2
|k1||k2| with the assumption of massless fermions. For the quarks and anti-
quarks, we consider the same anisotropic LRF distributions which we parametrize by an
ellipsoidal deformation of the isotropic distribution [47] as
fq (k) = fq¯(k) = f (k) = fiso
(
1
λ
√
k2x
α2x
+
k2y
α2y
+
k2z
α2z
)
, (3)
where λ is a temperature-like scale, and the αi parameters determine the shape and strength
of the ellipsoidal anisotropic deformation. In the framework of 3+1d aHydro, λ and αi’s
all depend on space-time. For fermions, we use the Fermi-Dirac distribution fFD(k) =
1/
(
1 + ek
)
for fiso.
One can change the parameters as
Λ = λαy, (4)
ξ1 =
(
αy
αz
)2
− 1, (5)
ξ2 =
(
αy
αx
)2
− 1, (6)
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to obtain an anisotropic distribution of the form
f (k) = fiso
( |k|
Λ
√
1 + ξ1(nˆ1 · kˆ)2 + ξ2(nˆ2 · kˆ)2
)
. (7)
From now on, we rescale all momenta and masses in the calculation by Λ, and we set
Λ→ 1 in the equations. Using the delta function, one can integrate (1) over k2 to obtain
dN
d4xd4P
=
80piα2
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∫
d3k
(2pi)6
1
E1E2
f(~k)f(~p− ~k) δ (E1 + E2 − E) (8)
=
10α2
72pi5
∫ 2pi
0
dφ
∫ 1
−1
dx
∫ E
0
dk
k
E − kf(
~k)f(~p− ~k) δ (E1 + E2 − E) , (9)
where x = cos θ, with kˆ = (sin θ cosφ, sin θ sinφ, cos θ).
Working in a coordinate system where ~p = (0, 0, p), the last delta function gives
k +
√
k2 + p2 − 2kpx = E. (10)
Using this, the rate can be written as
dN
d4xd4P
=
10α2
72pi5
∫ 2pi
0
dφ
∫ 1
−1
dx
kr
E − px (11)
× f
(
kr
√
1 + ξ1(nˆ1 · kˆ1)2 + ξ2(nˆ2 · kˆ1)2
)
× f
(
(E − kr)
√
1 + ξ1(nˆ1 · kˆ2)2 + ξ2(nˆ2 · kˆ2)2
)
,
where kr =
M2
2(E − px) is the solution of (10). The values of ξ1 and ξ2 determine the strength
of the ellipsoidal deformation along nˆ1 and nˆ2. One must note that in the coordinate system
used for hydrodynamic evolution, the components of dilepton momentum, nˆ1 and nˆ2 are
defined as ~p = p (sin θp cosφp, sin θp sinφp, cos θp), nˆ1 = (0, 0, 1), and nˆ2 = (1, 0, 0)
respectively. However, since we use a rotated coordinate system (x, φ) for the integration
of (11) where ~p = (0, 0, p), we need to use the expressions for nˆi and kˆj in terms of these
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new coordinates as
nˆ1 = (0, − sin θp, cos θp) , (12)
nˆ2 = (sinφp, cos θp cosφp, sin θp cosφp) , (13)
kˆ1 =
(√
1− x2 cosφ,
√
1− x2 sinφ, x
)
, (14)
kˆ2 =
1
E − kr(x)
(
−kr(x)
√
1− x2 cosφ, −kr(x)
√
1− x2 sinφ, p− xkr(x)
)
. (15)
Setting ξ1 = ξ2 = 0 in the integration (11) results in the previously known [70–72] isotropic
rate
dN (iso)
d4xd4P
=
10α2
36pi4
2
p(eE − 1) log
[
cosh
(
E + p
4
)
sech
(
E − p
4
)]
, (16)
which will be used later for comparisons. For non-zero values of anisotropy parameters ξ1
and ξ2, in general, we perform numerical integration of (11) to determine the LRF dilepton
rate.
We note that for the limiting case of small anisotropy (ξ1, ξ2 → 0), one can use a Taylor
series expansion of the anisotropic distributions f(~k) around the isotropic distribution fiso(k)
and write
f(~k) ≈ fiso(k)− k
2
fiso(k) [1− fiso(k)]
[
ξ1(nˆ1 · kˆ)2 + ξ2(nˆ2 · kˆ)2
]
. (17)
Using this approximation for the anisotropic distributions in (11), an additive correction to
the isotropic rate (16) is obtained which is essentially very similar to the viscous correc-
tions to the dilepton rate [42]. In viscous hydrodynamics, one typically linearizes around
isotropic equilibrium distribution and LRF anisotropies are encoded in the δf corrections.
The correction δf is related to the linearized correction shown in (17). However, in general,
the values of the anisotropy parameters ξ1 and ξ2 cannot be assumed to be small, and the
Taylor expansion around the isotropic limit will not be valid, even resulting in negative
values for the distribution function in some regions of phase space. Also, when the param-
eters ξ1 and ξ2 are not small, the series expansion in these parameters becomes divergent.
Therefore, if one needs to use approximate results for the anisotropic rate, methods based
on interpolation might be more reliable than methods based on perturbative expansion. In
this paper, we simply integrate the dilepton rate (11) numerically, and without linearization,
using adaptive quadrature.
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In the left panel of Fig. 1, the local rest frame dilepton rate (11) as a function of transverse
momentum is compared for the three cases of an isotropic, spheroidally anisotropic (ξ2 = 0),
and ellipsoidally anisotropic QGP with an equivalent effective temperature. The effective
temperature is determined by the condition of equal energy densities calculated from the
anisotropic and isotropic momentum distributions, i.e. (Λ, ξ1, ξ2) = iso(Teff), which leads
to (
Teff
Λ(ξ1, ξ2)
)4
=
1
4pi
∫ 2pi
0
dφ
∫ 1
−1
d(cos θ)(
1 + ξ1 cos2 θ + ξ2 sin
2 θ cos2 φ
)2 . (18)
From the left panel of Fig. 1, it can be seen that a small transverse plane anisotropy (ξ2 6=
0) can induce a significant difference with the spheroidally anisotropic rate at higher dilepton
transverse momenta. In addition, contrary to the isotropic and spheroidally anisotropic
cases, the rate for the ellipsoidally anisotropic case depends on the azimuthal direction of
dilepton momentum. This φP -dependence is shown in the right panel of Fig. 1. One should
note that, after integrating over the space-time and dilepton mass/momentum, considering
boost transformation, the manner in which the differences in the distribution functions can
affect the experimental observables becomes non-trivial and complicated.
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FIG. 1. (Left panel): Differential dilepton production rate in the local rest frame of a QGP fluid
element with effective temperature of Teff , compared for three cases: isotropic (ξ1 = ξ2 = 0),
spheroidally anisotropic (ξ1 = 5, ξ2 = 0), and ellipsoidally anisotropic (ξ1 = 5, ξ2 = 2) QGP.
(Right panel): Differential dilepton production rate as a function of φP for two ellipsoidally
anisotropic cases.
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B. Space-time integrated dilepton yield and flow
In order to calculate the QGP dilepton yield and flow coefficients, one needs to con-
volve the differential LRF production rate (11) together with the space-time evolution of
the strongly interacting medium. The parameters like η/s control the aHydro evolution
which then provides the full 3+1d evolution of the local temperature-like scale λ(x), the
local anisotropy parameters αi(x) (or equivalently ξi(x)) and fluid velocity entering the
anisotropic distribution functions used in the calculation of dilepton rates. In this way, dis-
sipative corrections due to the shear viscosity are automatically included in both the aHydro
evolution and anisotropic dilepton production rates. Dileptons with four-momentum P ′µ
emitted in the LRF of a fluid element with four-velocity uµ = γ (1, vx, vy, vz) get boosted
to the lab frame four-momentum P µ = Λνµ(u)P
′ν with Lorentz boost Λνµ(u) and Lorentz
factor γ = 1/
√
1− v2. The four variables of dilepton mass M , transverse momentum pT ,
momentum rapidity y, and momentum azimuthal angle φp are used to characterize the four-
momentum of the detected dilepton as P µ = (mT cosh y, pT cosφp, pT sinφp, mT sinh y) ,
where mT =
√
M2 + p2T is the transverse mass. Integrating over space-time, the differential
yield of dileptons becomes
dN
MdMpTdpTdydφp
=
∫
d4x
dN
d4xd4P
. (19)
To calculate the mass/transverse momentum dependence of the yield and the flow, one
usually integrates over the pT or M variables to obtain
dN
MdMdydφp
=
∫ pmaxT
pminT
pTdpT
dN
MdMpTdpTdydφp
, (20)
dN
pTdpTdydφp
=
∫ Mmax
Mmin
MdM
dN
MdMpTdpTdydφp
. (21)
In the reaction plane and at fixed rapidity, the M and pT dependent flow coefficients vn are
defined using expansions in terms of cosnφp functions
dN
MdMdydφp
=
1
2pi
dN
MdMdy
[
1 + 2v1 (M) cosφp + 2v2 (M) cos 2φp + · · ·
]
, (22)
dN
pTdpTdydφp
=
1
2pi
dN
pTdpTdy
[
1 + 2v1 (pT ) cosφp + 2v2 (pT ) cos 2φp + · · ·
]
. (23)
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C. Parameters and settings
For the space-time evolution of the QGP, we use 3+1d aHydro model with parameters set
for Pb-Pb collisions at
√
s = 2.76 TeV at the LHC. The free parameters of this hydrodynamic
model, such as the shear viscosity to entropy density ratio and the initial central temperature,
are set based on the best fits of the model calculations to the soft hadron spectra [73]. The
initial state is modeled using a smooth Glauber model [74] and the centrality classes are
represented by their mean impact parameter value. The initial proper time is taken to be
τ0 = 0.25 fm/c. The value of shear viscosity to entropy density ratio η/s is assumed to be
constant during the aHydro evolution and is taken to be multiples of the (η/s)KSS = 1/4pi,
which is the lower bound suggested by AdS/CFT conjecture [75]. The freeze-out temperature
is taken to be 0.130 GeV, and the initial central temperature for each value of η/s is adjusted
to obtain the best fits to soft hadron spectra, giving T0 = 0.63, 0.6, and 0.58 GeV for 4piη/s
values of 1, 2, and 3 respectively, assuming no initial momentum anisotropy.2 The pair
(4piη/s, T0) = (2, 0.6 GeV) was found to result in the best fit to the hadron spectra, therefore
we use it as our reference setting for the study of dilepton production. For momentum-
anisotropic initial conditions, we find that with (αx, αy, αz)
∣∣
τ0
= (1, 1, 0.5), an initial
temperature of 0.58 GeV with 4piη/s = 2 reproduces the hadron spectra with same accuracy
as the case with no initial momentum anisotropy (See Sec. II D). The aHydro evolution uses
a quasiparticle equation of state [55] extracted from lattice QCD calculations [76]. The
hadronic freeze-out and decays are performed using the THERMINATOR 2 Monte Carlo
event generator [77].
In all of the calculations presented in this paper, we have considered dileptons with
rapidity y = 0 in the lab frame. The focus of this paper is on dileptons produced from the
QGP phase and we present the results only for M ≥ 1 GeV and pT ≥ 1 GeV. To consider
only the QGP phase contribution to dilepton emission, the rate from regions of fluid with
Teffective < Tc is set to 0, where Tc is the critical temperature which is taken to be 0.155 GeV.
When integrating over M or pT according to (21) or (20), we use the integration regions
1 < M < 20 GeV and 1 < pT < 20 GeV. In this paper, we use Monte Carlo integration to
calculate (19), (20), and (21).
2See [73] for more aHydro calculations of soft hadron spectra assuming no initial momentum anisotropy.
10
II. RESULTS AND DISCUSSION
In this section, our results for the mid-rapidity yields and elliptic flow of QGP-produced
dileptons generated in Pb-Pb collisions at
√
s = 2.76 TeV at the LHC are discussed. We
emphasize the importance of incorporating momentum-anisotropic local rest frame dilepton
rates along with the relativistic anisotropic hydrodynamical evolution of the QGP. The ef-
fects of shear viscosity to entropy density ratio on the production and flow of dileptons are
also investigated. We provide predictions for the invariant mass and transverse momentum
dependence of the intermediate mass QGP-sourced dilepton yields and elliptic flow in dif-
ferent centrality classes. We also discuss the effects of initial momentum anisotropy on the
results.
A. Effects of local rest frame momentum anisotropy
In order to have a theoretically consistent calculation of dilepton yield and flow within a
framework of non-ideal hydrodynamics like aHydro, one needs to include the corresponding
non-ideal effects on the local rest frame dilepton rates. However, one might argue that
the contribution of LRF non-ideal effects on the final observables might not be comparable
to the effects of the overall hydrodynamic evolution. In order to investigate the effects of
momentum anisotropy, in Fig. 2, we compare results of convolving the isotropic rate (16) and
the complete anisotropic rate (11) with the 3+1d aHydro evolution. For the isotropic rate
case, we computed the local effective temperature by Landau matching the energy density
obtained from the non-equilibrium aHydro evolution [8]. The comparison is done for 30-
40% centrality class, 4piη/s = 2, and T0 = 0.6 GeV. The left panel of Fig. 2 shows that
inclusion of the anisotropic rate has a visible effect on the dilepton yield and can be seen to
harden the spectrum. The right panel of Fig. 2 shows that there is significant difference in
the two cases for v2(pT ). The effects of momentum anisotropy in LRF dilepton rate reduce
(isotropizes) the dilepton flow generated through coupling to the hydrodynamic evolution.
We also mention that we verified explicitly that the same effects do not induce a change in
the other harmonics of dilepton flow.
In Fig. 3 we also compare with results obtained by setting 4piη/s = 0.1 which causes
the hydrodynamic evolution to be closer to the ideal case. For near-ideal fluid, as one
11
expects, the results from isotropic and anisotropic LRF rates are close. Dilepton elliptic
flow from aHydro evolution convolved with isotropic LRF rate is larger than the near-ideal
case. However, inclusion of momentum-anisotropic corrections to the LRF dilepton rate
decreases the magnitude of dilepton elliptic flow and makes it even smaller than the near-
ideal case. This comparison of the near-ideal and the 4piη/s = 2 cases, based on Fig. 3, can
only be taken as a qualitative measure since the initial temperatures are set to the same
value of 0.6 GeV in both cases and not tuned for the 4piη/s = 0.1 case using soft hadron
spectra.
1 2 3 4 5 6 7
10-10
10-9
10-8
10-7
10-6
10-5
10-4
pT [GeV]
d
N
/
p
T
d
p
T
d
y
[G
e
V
-
2
]
T0 = 0.6 GeV
4πη/s = 2
30-40%
R aniso+ aHydro
R iso+ aHydro
1 2 3 4 5 6 7
0.00
0.02
0.04
0.06
0.08
pT [GeV]
v
2
(p
T
)
T0 = 0.6 GeV
4πη/s = 2
30-40%
R aniso+ aHydro
R iso+ aHydro
FIG. 2. Thermal dilepton yield (left) and v2(pT ) (right) in two cases: (solid line) aHydro QGP
evolution convolved with the isotropic LRF dilepton rate (16), and (dashed line) aHydro QGP
evolution convolved with the anisotropic LRF dilepton rate (11).
B. Effects of shear viscosity-entropy density ratio
We compare the yield and flow of thermal dileptons for three cases with 4piη/s values
of 1, 2, and 3, all set to their corresponding fit initial temperature values (see Sec. I C).
From Fig. 4 we see that the M -dependence of v2 is sensitive to η/s only when M <∼ 2 GeV.
However, in Fig. 5 a non-trivial behavior of pT -dependent results can be clearly seen in which
for the pT <∼ 4 GeV region, the smaller η/s result in larger v2 but, for pT >∼ 4 GeV, the order
becomes reversed i.e. the larger η/s corresponds to higher values of v2.
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FIG. 3. Thermal dilepton yield (left) and v2(pT ) (right) for four cases: (empty circle markers)
aHydro QGP evolution (with 4piη/s = 2) convolved with isotropic LRF dilepton rate, (filled red
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rate, (empty blue triangle marker) aHydro QGP evolution (near ideal with 4piη/s = 0.1) convolved
with isotropic LRF dilepton rate, and (filled green circle marker) aHydro QGP evolution (near
ideal with 4piη/s = 0.1) convolved with anisotropic LRF dilepton rate.
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FIG. 4. Invariant mass dependence of the mid-rapidity (y = 0) thermal dilepton yield (left) and
v2 (right) for different η/s and 30-40% centrality class, assuming initial momentum isotropy. The
initial temperature in each case is set by best fits of aHydro results to hadronic spectra which
results in T0 = {0.63, 0.6, 0.58} GeV for 4piη/s = {1, 2, 3}, respectively.
C. Centrality dependence of dilepton yield and flow
The primary source of the anisotropic flow of particles produced in heavy-ion collisions is
believed to be the spatial asymmetry of the initial state [45]. To investigate the dependence
of the thermal dilepton emission on the centrality of the collision, we have calculated the
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FIG. 5. Transverse momentum dependence of mid-rapidity (y = 0) thermal dilepton yield (left)
and v2 (right) for different η/s and 30-40% centrality class, assuming initial momentum isotropy.
Initial temperatures used were the same as in Fig. 4.
differential yields and elliptic flow coefficient for the LHC collisions with mean impact pa-
rameters of the 0-10, 10-20, 20-30, 30-40, and 40-50 percent centrality classes. The results
for T0 = 0.6 GeV and 4piη/s = 2 are shown in Fig. 6 as a function of M , and in Fig. 7
as a function of pT . As expected, for the more central collisions the production yields are
higher and elliptic flow is smaller. One interesting finding shown in Fig. 7 is that for central
collisions, the calculated elliptic flow coefficient of the QGP dileptons appears to have small
but negative values for pT >∼ 2 GeV. However, this result could be merely due to the nu-
merical uncertainties. We also note that for a more reliable interpretation of the results for
central collisions, one must include the effects of fluctuating initial conditions in the model
which are not included in this paper. The same calculations for 4piη/s = 1 (with adjusted
initial central temperature T0 = 0.63 GeV) are presented in Fig. 8 and Fig. 9. The negative
flow coefficients for central collisions are not apparent in this case. Negative values of v2 for
photons, protons, and J/ψ’s have been discussed in other papers [78–81].
The predictions for integrated (over M and pT ) mid-rapidity yield and elliptic flow of
thermal dileptons for different centrality classes are shown in Fig. 10, where 4piη/s = 2 and
T0 = 0.6 GeV were used in the calculation.
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central temperature of T0 = 0.6 GeV.
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FIG. 7. Transverse momentum dependence of mid-rapidity (y = 0) thermal dilepton yield (left)
and v2 (right) for different centrality classes, assuming initial momentum isotropy, 4piη/s = 2, and
initial central temperature of T0 = 0.6 GeV.
D. Effects of initial momentum anisotropy
All of the results in previous sections of this paper were calculated with the assumption
of momentum isotropy for the initial state of the hydrodynamical evolution. It would be
interesting to see whether the dilepton emission is affected by initial momentum anisotropies
at τ0. The existence of a non-equilibrium attractor in various theories, e.g. kinetic theory
and strongly coupled gauge duals [82, 83] suggests that different initially anisotropic states
converge to the same dynamics well before the end of the evolution of system. Higher energy
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FIG. 9. Transverse momentum dependence of mid-rapidity (y = 0) thermal dilepton yield (left)
and v2 (right) for different centrality classes, assuming initial momentum isotropy, 4piη/s = 1, and
initial central temperature of T0 = 0.63 GeV.
dileptons produced during the initial stages might provide less distorted information about
the initial momentum distributions since they escape freely.
To investigate the effects of initial momentum anisotropy, we compare the yields and
v2 of dileptons for three cases: (1) QGP with initially isotropic momentum distributions
(α{x,y,z}(τ0) = 1) with 4piη/s = 2 and T0 = 0.6 GeV, (2) QGP with initial momentum
anisotropy (αz(τ0) = 0.5) with same 4piη/s = 2 and T0 = 0.6 GeV, and (3) QGP with a
momentum-anisotropic initial condition (αz(τ0) = 0.5) with 4piη/s = 2 but the initial cen-
tral temperature re-tuned in order to reproduce the experimentally observed final hadronic
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yield (left) and v2 (right), assuming initial momentum isotropy, 4piη/s = 2, and initial central
temperature of T0 = 0.6 GeV.
spectra. Although the value of T0 = 0.6 GeV was tuned for 4piη/s = 2 assuming no initial
momentum anisotropy (the case for which the comparison to the hadron spectra is shown
in the left panel of Fig. 11), for a QGP with initial momentum anisotropy, we found that,
with the same value of η/s, the initial temperature of T0 = 0.58 GeV provides the best fit
of model calculations to the hadron spectra which is shown in the right panel of Fig. 11.
In Fig. 12 we compare the M -dependence of dilepton yields and v2 for the three cases
mentioned above. The results show that initial momentum anisotropy induces higher yields
for higher mass dileptons. However, the v2(M) can not clearly distinguish between the three
cases. In Fig. 13 the same comparison is presented for the pT -dependence of the results. The
v2(pT ) shows a clear difference between initially isotropic and anisotropic cases, independent
of the two choices for the initial central temperature. The difference appears at pT values
higher than the peak position, around pT ≈ 2 GeV.
III. CONCLUSIONS
In this paper we calculated the differential yields and elliptic flow of in-medium dileptons
from a momentum-anisotropic QGP generated in Pb-Pb collision at
√
s = 2.76 TeV at
LHC. We used 3+1d relativistic anisotropic hydrodynamics to model the non-equilibrium
dynamics of the QGP and convolved it with corresponding local rest frame dilepton emission
rate from quarks and anti-quarks with ellipsoidally anisotropic momentum distributions. We
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FIG. 11. Best fits of aHydro model calculations to experimental data for
√
s = 2.76 TeV soft
hadron spectra (|y| < 1) for two settings of the model: (left panel) a QGP with no initial mo-
mentum anisotropy (α{x,y,z}(τ0) = 1) and (right panel) a QGP with initial momentum anisotropy
(α{x,y}(τ0) = 1, αz(τ0) = 0.5). The experimental data shown are from ALICE collaboration [84].
1 2 3 4 5 6 7
10-10
10-9
10-8
10-7
10-6
10-5
10-4
M [GeV]
d
N
/(
M
d
M
d
y
)
[G
e
V
-
2
]
30-40%
4πη/s = 2
αz(τ0) = 0.5 , T0 = 0.58 GeV
αz(τ0) = 0.5 , T0 = 0.6 GeV
αz(τ0) = 1 , T0 = 0.6 GeV
1 2 3 4 5 6 7
0.00
0.01
0.02
0.03
0.04
0.05
0.06
M [GeV]
v
2
(M
)
30-40%
4πη/s = 2
αz(τ0) = 0.5 , T0 = 0.58 GeV
αz(τ0) = 0.5 , T0 = 0.6 GeV
αz(τ0) = 1 , T0 = 0.6 GeV
FIG. 12. Invariant mass dependence of mid-rapidity (y = 0) QGP dilepton yield (left) and v2 (right)
for 30-40% centrality class, compared for three cases: initial momentum isotropy (αz(τ0) = 1) with
T0 = 0.6 GeV, initial spheroidal momentum anisotropy (αz(τ0) = 0.5) with same T0 = 0.6 GeV, and
initial spheroidal momentum anisotropy (αz(τ0) = 0.5) with adjusted initial central temperature
of T0 = 0.58 GeV based on our best fit to hadronic spectra (See Fig. 11).
presented the yield and flow results for intermediate mass dileptons with different settings of
the aHydro parameters. The parameters taken for the background hydrodynamic evolution,
e.g. shear viscosity-entropy density ratio η/s and initial temperature, were set based on
their fitness in reproducing soft hadron spectra at the corresponding collision energy.
The importance of corrections to the yield and flow due to the LRF momentum
anisotropies was shown by comparing to the results of aHydro combined with isotropic
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FIG. 13. Transverse momentum dependence of mid-rapidity (y = 0) QGP dilepton yield (left) and
v2 (right) for 30-40% centrality class, compared in same three cases as Fig. 12.
LRF rates and also to the results of low dissipation/low anisotropy hydrodynamic evo-
lution. We found that momentum-anisotropic corrections to dilepton emission rate have
significant effects on the results and their interpretation.
Comparing the results for different values of η/s, we found that the intermediate invariant
mass/transverse momentum QGP dilepton yield was always higher for smaller η/s (corre-
sponding to higher T0). On the other hand, for dilepton elliptic flow, while for M <∼ 2 GeV
and pT <∼ 4 GeV the v2 values for smaller η/s were higher, the order was found to be reversed
for M >∼ 2 GeV and pT >∼ 4 GeV i.e. for harder dileptons, the v2 was higher for QGP with
larger η/s.
The first order of momentum anisotropic correction to the distribution functions is the
additive shear viscous term which, in general, reduces the elliptic flow compared to the ideal
isotropic case [42, 45, 56, 85]. With the anisotropic parameterization (3) used in aHydro, for
lower pT we expect similar behavior i.e. the suppression of elliptic flow, but for higher pT
particles produced at highly anisotropic earlier stages it is possible that the LRF momentum
anisotropic distribution functions introduce the opposite effect and increase the elliptic flow.
We presented our predictions for different centrality classes, finding cases with negative
values of v2 for central collisions. However, lacking fluctuating initial conditions in the
aHydro model, the interpretation of results for central collisions would be premature. We
also investigated the effects of initial momentum anisotropy on dilepton yield and flow. At
large transverse momentum, the results of the dilepton yield and v2(pT ) were sensitive to
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the initial momentum anisotropy, while the results of v2(M) were not.
Regarding the experimental feasibility of extracting the QGP-produced dileptons there
are two additional sources that contribute in the intermediate mass region 1 <∼M <∼ 3 : (1)
dileptons from open heavy flavor decays [86, 87] and (2) jet conversion [38, 39]. Dileptons
from open heavy flavor decays dominate in the intermediate mass regime, but using infor-
mation about the distance of closest approach (DCA) of the production vertices one can
eliminate these falsely triggered dileptons from the data. Such approach will be used by
the ALICE collaboration in Run 3 [88]. At RHIC energies it may be possible to perform
a similar open heavy flavor subtraction using STAR’s newly commissioned Heavy Flavor
Tracker [89]. Turning to the second source, jet conversion, we note that if one integrates
over all transverse momentum, the low transvserse momentum part of the yields dominate.
In this case, the dilepton yield from jet conversion is sub-leading in the intermediate mass
regime compare to QGP-produced dileptons [39]. Taken together with the ability to exper-
imentally subtract the open charm decay background, this gives some hope to be able to
cleanly extract the QGP-produced dileptons in the intermediate mass regime and, hence,
information about the initial state of the QGP.
There are many directions one can take to further improve our analysis. The results
in this paper were focused only on mid-rapidity region of dilepton production. In future
studies, the effects of variation with rapidity can be investigated. The rapidity dependence
of dilepton emission is expected to be more sensitive to initial momentum anisotropy [48–51].
In this paper, the contributions from hadronic sources of dileptons were not included. If we
want to investigate low-mass dilepton production/flow, we must also consider the hadronic
sources, in-medium ρ meson spectral modification, and smooth transition of phases to lower
temperatures. Another caveat is that we only analyzed a very limited set of cases when
considering the effects of initial momentum anisotropy. The initial momentum anisotropy
in azimuthal direction (with
αx
αy
6= 1) is an interesting issue which requires future work,
however, we currently do not have strong constraints on the magnitude of these azimuthal
LRF anisotropies. When calculating dilepton rates, we also neglected the masses of partons
both in the cross section and in the distribution functions. In a more complete analysis, the
effects of intrinsic and in-medium masses of partons need to be considered. Going beyond
leading-order it is important to apply the same framework developed here to NLO dilepton
production, dilepton production via jet conversion, and possible polarization observables
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[90]. Finally, one must investigate the effects of fluctuating initial conditions in anisotropic
hydrodynamics, temperature dependent η/s, and additional dissipative corrections to the
ellipsoidally anisotropic momentum distributions. Similar studies also need to be performed
for real photons produced in heavy-ion collisions. These are left for future work.
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